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Abstract
Aspergillus carbonarius is considered the most important ochratoxin A (OTA) producing fungi among those causing OTA contamination in grapes and grape derived products. CipC is a small protein with unknown function that was previously found to be highly up-regulated in an OTA producer strain of A.
carbonarius in comparison to a non OTA producer strain. In this study, cipC was characterized and disrupted via Agrobacterium tumefaciens-mediated transformation in an ochratoxigenic A. carbonarius strain in order to study whether this gene has a role in OTA production. Sequence analysis indicated that the promoter region of cipC contains putative binding sites for transcription factors that regulate the utilization of nutrients, the stress response and detoxification processes, all factors that can influence mycotoxin biosynthesis.
Although the ∆cipC mutant grew similarly to the wild type strain, the null mutant showed a much higher OTA production. Moreover, when A. carbonarius was grown under the oxidative stress conditions imposed by the presence of hydrogen peroxide, cipC gene expression was up regulated. These results indicate that cipC is not directly involved in OTA biosynthesis, but sequence analysis of the A. carbonarius cipC gene promoter and the phenotype of the ΔcipC disrupted mutant suggest that CipC could be a stress response protein that would be up regulated concomitantly with OTA production.
Introduction
Ochratoxin A (OTA) is a nephrotoxic, carcinogenic, teratogenic and immunotoxic mycotoxin produced by several Penicillium and Aspergillus species (Creppy, 1999; Kuiper-Goodman & Scott, 1989; Petzinger & Ziegler, 2000; Pfohl-Leszkowicz & Manderville, 2007) . OTA has been classified by the International Agency for Research on Cancer (IARC, 1993) in group 2B (possible human carcinogen). This mycotoxin can be found in a wide range of food commodities, including cereal-based products, coffee, species, nuts, olives, grape-derived products, beans, figs and cocoa (Battilani, Magan, & Logrieco, 2006; Perrone et al., 2007) . Grapes and wines are among the commodities with the greatest toxin content, second only to cereals (Bau, Bragulat, Abarca, Minguez, & Cabañes, 2005; Belli et al., 2004) . Aspergillus carbonarius is considered the main OTA-producing fungus in grapes and grape derived products (Battilani et al., 2006; Perrone et al., 2007) .
Little information is available about the biosynthetic pathway of OTA in any fungal species and only a few genes have been reported. O'Callaghan et al. (2003) , Karoleiwez and Geisen (2005) respectively. Additionally, other putative OTA biosynthetic genes have been reported, including two P450 monoxygenase genes in A. ochraceus (John O'Callaghan, Stapleton, & Dobson, 2006) , a nonribosomal peptide synthetase, a halogenase, a phenylalanine t-RNA synthetase, a methylase and a fragment with homology to ABC transporter genes in P. nordicum (Färber & Geisen, 2004) . Recently, the implication of a nonribosomal peptide synthetase on OTA biosynthesis in A. carbonarius has also been indicated by Gallo et al.(2012) .
Different techniques such as Differential Display Reverse Transcriptase-PCR (DDRT-PCR) (Färber & Geisen, 2004) , cDNA-AFLP (Botton et al., 2008) and Suppression Subtractive Hybridization (SSH) (Crespo-Sempere, González-Candelas, & Martínez-Culebras, 2010) have been used to identify genes putatively involved in OTA biosynthesis in several fungal species. Recently, we performed a proteomic analysis using two-dimensional electrophoresis (2-DE) combined with MALDI-TOF mass spectrometry to detect changes in the abundance of a large number of proteins in two closely related strains of A.
carbonarius that differ in their OTA-producing potential (Crespo-Sempere, Gil, & Martínez-Culebras, 2011) . Among the differentially expressed proteins identified in that study, a homologue of CipC, a small conserved protein with unknown function, stood out. The name CipC derives from concanamycin-induced protein because it was up-regulated in Aspergillus nidulans in response to the antibiotic concanamycin A (Melin, Schnürer, & Wagner, 2002) . CipC exhibited the greatest up-regulation in the OTA-producing strain (126.5 fold). RT-qPCR analysis also revealed overexpression of the cipC gene (184.5 fold), confirming that overproduction of this protein with unknown function is regulated at the transcriptional level.
In the present study we have examined whether cipC has a role in OTA production. For that purpose we have cloned and characterized the cipC gene from A. carbonarius. Additionally, we have deleted the cipC gene in the ochratoxigenic A. carbonarius W04-40 strain by targeted gene replacement using A. tumefaciens-mediated transformation (ATMT). Finally, after the phenotypic characterization of the cipC null mutant (ΔcipC), we discuss a possible relationship between cipC and OTA production.
Materials and methods

Fungal strains, media, and culture conditions
The OTA-producing A. carbonarius strain W04-40 was isolated from a Spanish vineyard by Martínez-Culebras and Ramon (2007) A. carbonarius was grown on Petri dishes containing Malt Extract Agar (MEA) medium (2 % (w/v) malt extract, 0.1 % (w/v) peptone, 2 % (w/v) glucose and 1.5 % (w/v) agar) in the dark at 28 °C for 6 days to achieve conidia production. Conidia were collected with a sterile solution of 0.005% (v/v) Tween 80 (J.T. Baker, Holland) and were adjusted to 10 6 conidia/mL using a haemocytometer. One hundred microliters of the conidial suspension was homogeneously spread on Petri dishes containing Czapeck Yeast Extract Agar 
Genomic DNA extraction
The rapid DNA extraction protocol described by Cenis (1992) was followed with minor modifications. Cultures were grown for 1 day at 28ºC in 500 µl of Czapeck's Yeast medium. Mycelium was recovered after 10 min of centrifugation at 17500 Xg and 300 µl of extraction buffer (200 mM Tris-HCl, pH 8.5, 250 mM NaCl, 25 mM EDTA, 0.5% SDS) was added. The mycelium suspension was disrupted with five 2.8 mm stainless steel beads (Precellys, Bertin Technologies) for 2 minutes in a cell disruptor Biospec) . After centrifugation at 17500 Xg for 10 min, 150 μL of 3 M sodium acetate (pH 5.2) was added to the supernatant. The supernatant was incubated at -20ºC for 10 minutes and centrifuged (17500 Xg, 10 min). The DNAcontaining supernatant was transferred to a new tube and nucleic acids were precipitated by adding 1 volume of isopropyl alcohol. After 5 minutes of incubation at room temperature, the DNA suspension was centrifuged (17500 Xg, 10 min). The DNA pellet was washed with 70% ethanol to remove residual salts. Finally, the pellet was air-dried and the DNA was resuspended in 50 µl of TE buffer (10 mM Tris-HCl pH 8, 1 mM EDTA).
Characterization of the cipC gene
We had previously obtained a partial sequence of the cipC gene using degenerated oligonucleotides (Crespo-Sempere, Gil, et al., 2011 (Saitou & Nei, 1987) . The NJ tree and the statistical confidence of a particular group of sequences, evaluated by bootstrap test (1000 pseudoreplicates), were performed using the program MEGA 4.0 (Tamura, Dudley, Nei, & Kumar, 2007) . 
Construction of the cipC gene replacement plasmid
Amplified fragments around 1500 bp from the promoter and terminator regions were cloned into the plasmid vector pRF-HU2 (Frandsen, Andersson, Kristensen, & Giese, 2008) , a binary vector designed to be used with the USER friendly cloning technique (New England Biolabs), as described previously 
Fungal transformation
Transformation of A. carbonarius was done as described previously 
Confirmation of cipC deletion
Disruption of cipC in transformants was confirmed by PCR analyses.
Primer binding sites are detailed in Fig.1B . The insertion of the selection marker was checked with the primer pair Hmbr1 (5'-CTGATAGAGTTGGTCAAGACC-3') and Hmbf1 (5'-CTGTCGAGAAGTTTCTGATCG-3'). Deletion of cipC was confirmed with a primer pair designed within the sequence of the gene CIPC.A2
(5'-AGGAGCACAAGGCTAAGTTCACC-3') and CIPC.B2 (5'-GCTCACGGTCGACGAAGTC-3'). Real-time genomic PCR analysis was carried out in order to determinate the number of T-DNA molecules that have been integrated in the genome of transformants following basically the procedure established by Solomon et al. (2008) . The primers used for quantitative real time PCR (qPCR) were designed close to the selection marker within the promoter region of cipC gene using the OLIGO Primer Analysis Software V.5 (Fig.1B) . The primer sequences were CIPC-GT (5'-GAGGAGCTCAGCCTTCCATG-3') and CIPC-HT (5'-GAGCTTCCTCACCCTGTGGTC-3'). qPCR reactions were performed in a
LightCycler 480 System (Roche, USA) using SYBR Green to monitor DNA amplification. qPCR efficiency (E) for each pair of primers was calculated from the slopes of the standard curve using the LightCycler software (Rasmussen, 2001 ). The number of T-DNA that have been integrated in the genome was calculated based on E and the Crossing point (Cp) value of transformant versus the wild type strain, and normalized in comparison to a reference gene that is present with the same copy number in both wild type and transformant. This can be whatever gene except cipC. We chose the pyruvate carboxylase (pyc) gene ( Three technical replicates were done for each knockout mutant candidate, and PCR reaction quality was checked by analyzing the dissociation and amplification curves.
RNA isolation and cDNA synthesis
Mycelia were collected from cultures, frozen in liquid nitrogen and stored at −80°C before nucleic acid extraction. RNA was isolated from 1 g of mycelium
Δpyc (wild type -transformant) previously grounded to a fine powder with a mortar and pestle with liquid nitrogen. Pulverized mycelium was added to a pre-heated mixture of 10 mL of extraction buffer: 100 mM Tris-HCl, pH 8.0, 100 mM LiCl, 10 mM EDTA, 1%
(w/v) Sodium dodecyl sulfate (SDS), 1% (w/v) polyvinyl-pyrrolidone 40, 1% β- Pfaffl, Horgan, & Dempfle, 2002) . REST was also used for a randomization test with a pair-wise reallocation to assess the statistical significance of the differences in expression between the control and treated samples (significance at p ≤ 0.05).
Quantification of relative gene expression by real-time RT-PCR
Determination of vegetative growth
For growth assessment, CYA plates were inoculated centrally with 5 μl of conidia suspensions (10 6 conidia/mL) from the wild-type strain of A. carbonarius and the ΔcipC knockout transformant. Two perpendicular diameters of the growing colonies were measured daily over four days until the colony reached the edge of the Petri dish. The assay was performed in triplicate.
Extraction and detection of OTA from culture
OTA was extracted using a variation of a simple method described previously (Bragulat, Abarca, & Cabanes, 2001) . The isolates were grown on CYA and incubated at 28 °C (Pitt & Hocking, 1997) . 
Statistical analyses
All comparisons were analyzed by One way ANOVA followed by the Tukey's honestly significant different test (HSD), using Statgraphics Centurion Version XVI. Significance was defined as p<0.05.
Results and Discussion
CipC is a protein with unknown function, which has been previously related with different stress processes in fungi such as pathogenesis, nitrogen starvation and mycotoxin production. However, its biological function remains to be elucidated. Recently, the proteomes of a highly (W0-40) and a weakly (W0-46) OTA-producing A. carbonarius strains were compared to identify proteins that may be involved in OTA production (Crespo-Sempere, Gil, et al., 2011) .
This proteomic study highlighted CipC as the protein with the highest induction in strain W04-40. The cipC gene also showed a higher transcriptional level in the OTA-producing strain, suggesting a possible role in OTA production.
Sequence analysis and characterization
We sequenced a 3,646 bpDNA fragment that contained the cipC gene fumigatus, but in other cases they are located in distant branches.
Unfortunately, the possible roles of the different cipC members are unknown, as no deletion mutant has been reported yet.
Sequence analysis of the promoter region of cipC revealed multiple potential binding sites for transcription factors that regulate the utilization of different carbon and nitrogen sources as well as macrominerals and trace minerals (CP1, MIG1, PHO 4 , PUT3, REB1, SEF1, NIT2, GCR1, FACB and UAY) (Table 2) . Interestingly, Teichert et al. (2004) observed that when the glutamine synthetase gene was deleted in Gibberella fujikuroi, another important mycotoxin producer fungus, cipC was down regulated. They also observed that this deletion had a significant impact on the transcriptional control of primary and secondary metabolism. Moreover, Böhmer et al. (2007) described an induction of cipC when Ustilago maydis was grown with glucose A second group of binding sites for transcription factors that regulate the stress response and detoxification (AP1, ACE1, HSF, MSN4, SKO1 and GCN4) (Table 2 ) within the promoter of cipC was also identified. Noteworthy is the fact that the majority of the transcription factors with binding sites within the promoter of cipC, regulate elements with high influence on the biosynthesis of mycotoxins such as carbon and nitrogen sources (Abbas, Valez, & Dobson, 2009; Ferreira & Pitout, 1969; Medina et al., 2008) , metals (Steele, Davis, & Diener, 1973) , oxidative stress (Reverberi, Ricelli, Zjalic, Fabbri, & Fanelli, 2010) , pH (transcription factor PacC) (Esteban, Abarca, Bragulat, & Cabañes, 2005; John O'Callaghan et al., 2006) and sporulation (transcription factor abaA) (Guzmán-de-Peña & Ruiz-Herrera, 1997).
Disruption of cipC gene
ATMT was successfully applied to A. carbonarius using the binary vector pRFHU2-CIPC. T-DNA integration was confirmed by PCR analyses based on expected genomic patterns using locus specific primers (Fig. 3) . Only one out of 68 monosporic transformants had the PCR pattern corresponding to the deletion of the cipC gene. Thus, gene replacement efficiency by homologous recombination obtained was 1.5%. Real-time genomic PCR analysis was also carried out in order to determinate the number of copies of the T-DNA that had been integrated into the genome. A mutant with ectopic insertions was also included as a control. Copy number was calculated according to the equation detailed above using the Efficiency of cipC and pyc amplification and Crossing points for the wild type, the ΔcipC mutant and the mutant with ectopic insertions (Table 3) . The ΔcipC deletion mutant only harbors a copy (0.945 according to the equation) of the T-DNA, which, as shown previously, replaces the original cipC gene. However, the mutant with ectopic insertions harbors four copies (4.08 as calculated at Table 3 ). Although Southern-blot analysis had been traditionally used to determinate gene copy number, the use of qPCR has proven to be a suitable, more accurate and faster technique . As far as we are aware, this is the first time that ATMT is used for gene replacement in A. carbonarius.
Phenotypical analysis of the ΔcipC deletion mutant of A. carbonarius
No statistical differences in growth and colony morphology were observed in the ΔcipC mutant when compared to the wild type strain on nonselective media (CYA plates). Thus, by day four, the diameter of the ΔcipC mutant colony was 67.5 ± 0.8mm and the wild type reached 68.7 ± 1.2 mm.
However, the ΔcipC mutant showed a much higher OTA production than the wild type strain (Fig. 4) in the same medium. The production of OTA after two days of incubation in CYA medium, without hygromycin, was 3.69 fold higher in the ΔcipC mutant with respect to the wild type strain. This difference increased at days 3 and 4 to 7.86 and 14.66 fold, respectively. Thus, the wild type produced 0.21 µg of OTA /g of growth medium at day 4, while the ΔcipC mutant produced 3.12 µg/g. The higher OTA production of the ΔcipC mutant clearly indicates that CipC is not part of the OTA biosynthetic pathway. However, in a previous proteomic study carried out by our research group (Crespo-Sempere, Gil, et al., 2011) we observed that CipC exhibited a high up-regulation in a OTAproducing strain compared to a non OTA-producing strain of A. carbonarius and this high induction was also observed at the transcriptional level. Both results seem contradictory, as higher OTA production in the OTA producer strain is accompanied by a higher level of CipC protein, whereas the null mutant, which lacks the cipC gene, shows even a higher OTA production.
Reviewing published information about cipC we found that this gene is up-regulated in pathogenicity processes in V. alboatrum (Mandelc, Radisek, Jamnik, & Javornik, 2009) , V. dahliae, S. nodorum and S. sclerotiorum (Sexton et al., 2006; Tan et al., 2008) , during the ectomycorrhizal symbiosis in Paxillus (Le Queré et al., 2004) , during meningitis infection in the human pathogen C.
neoformans (Steen et al., 2003) , in G. fujikuroi and U. maydis grown under nitrogen starvation conditions (Bohmer et al., 2007; Teichert et al., 2004), in A. nidulans in the presence of an antibiotic inhibitor of proton pumps (Melin et al., 2002) , or in F. verticilloides and U. maydis when they were grown at acidic pH conditions (Pirttilä, McIntyre, Payne, & Woloshuk, 2004; Rodríguez-Kessler et al., 2012) . All these instances are adverse situations and hence, stressful for the fungus. Results obtained from the sequence analysis of cipC revealed that in some organisms the functional domain of CipC is linked to a glutathione synthetase domain, which confers an antioxidant function (Bai, Harvey, & McNeil, 2003) . Interestingly, we also identified in the promoter of cipC multiple potential binding sites to transcription factors that regulate responses to stress situations, nutrient starvation and ambient pH, all of them being elements that affect largely mycotoxins biosynthesis. In fact, there are considerable experimental results that suggest that oxidative stress correlates with mycotoxin production (Jayashree & Subramanyam, 2000; Reverberi et al., 2010; Reverberi et al., 2008) . Reverberi et al. (2012) showed that oxidative stressors induced significantly OTA biosynthesis in A. ochraceus. Additionally, they found that when the stress response transcription factor (Yap1) was deleted from A.
ochraceus, the disrupted strain showed a higher quantity of ROS and a higher amount of OTA compared to wild type strain. This effect was also described in A. parasiticus, in which the deletion of Yap1 leads to an increase in aflatoxin production (Reverberi et al., 2008) . Furthermore, some authors have formulated an oxidative stress theory of mycotoxin biosynthesis (Reverberi et al., 2010) .
The potential influence of oxidative stress on cipC expression was monitored by growing the OTA-producing A. carbonarius strain in CYA medium amended with different concentrations of hydrogen peroxide (50, 500 and 5000 µM) (Fig. 5) . A clear up-regulation of sod and prx was observed when hydrogen peroxide was added to the media (Fig. 5) . As the hydrogen peroxide concentration increased the expresion levels of sod and prx were higher than in the control (same medium without hydrogen peroxide), reaching 5 and 24 fold induction, respectively. The expression of cipC showed a constant 2 fold induction in comparison with the control, which suggests that cipC might be a stress oxidative response gene, but with a different induction pattern.
If OTA production is induced in response to a stressful situation, as it has been shown for in A. ochraceus by Reverberi et al. (2012) , it would be logical to expect that the same stress would also trigger the expression of cipC, as we have observed in a previous work (Crespo-Sempere, Gil, et al., 2011) .
Accordingly, if a stress response gene is deleted, the stress level would increase leading to an increase inmycotoxin biosynthesis, as occurs in the ΔcipC mutant strain obtained in the present study and also in the case of the A.
ochraceus ΔAoyap1 disrupted strain.
Conclusions
The higher OTA production by the ΔcipC mutant strain clearly demonstrates that CipC is not needed for the synthesis of OTA. 
